Succinic semialdehyde dehydrogenase (SSADH) from Acinetobacter baumannii (Ab) catalyzes the oxidation of succinic semialdehyde (SSA). This enzyme has two conserved cysteines (Cys289 and Cys291) and preferentially uses NADP + over NAD + as a hydride acceptor. Steady-state kinetic analysis showed that AbSSADH has the highest catalytic turnover (137 s
Succinic semialdehyde dehydrogenase (SSADH) from Acinetobacter baumannii (Ab) catalyzes the oxidation of succinic semialdehyde (SSA). This enzyme has two conserved cysteines (Cys289 and Cys291) and preferentially uses NADP + over NAD + as a hydride acceptor. Steady-state kinetic analysis showed that AbSSADH has the highest catalytic turnover (137 s
À1
) and can tolerate SSA inhibition the most (< 500 lM) among all SSADHs reported. Alanine substitutions of the two conserved cysteines indicated that Cys291Ala has~65% activity compared with the wild-type enzyme while Cys289Ala is inactive, suggesting that Cys289 is the active residue participating in catalysis. Pre-steadystate kinetics showed for the first time burst kinetics for NADPH formation in SSADH, indicating that the rate-limiting step is associated with steps that occur after the hydride transfer. As the magnitude of burst kinetics represents the amount of NADPH formed during the first turnover, it is directly dependent on the amount of the deprotonated form of cysteine. The pK a of Cys289 was calculated from a plot of the burst magnitude vs pH as 7.4 AE 0.2. The Cys289 pK a was also measured based on the ability of AbSSADH to form an NADP-cysteine adduct, which can be detected by the increase of absorbance at~330 nm as 7.9 AE 0.2. The lowering of the catalytic cysteine pK a by 0.6-1 unit renders the catalytic thiol more nucleophilic, which facilitates AbSSADH catalysis under physiological conditions. The methods established herein can specifically measure the active site cysteine pK a without interference from other cysteines. These techniques may be useful for studying ionization state of other cysteine-containing aldehyde dehydrogenases.
Introduction
Succinic semialdehyde dehydrogenase (SSADH) is an enzyme that belongs to the aldehyde dehydrogenase superfamily (ALDH Class 5). SSADH catalyzes the oxidation of succinate semialdehyde (SSA) to succinic acid by transferring a hydride equivalent to NAD(P) + [1] . In humans, SSADH is the last enzyme in the caminobutyric acid (GABA) degradation pathway. The enzyme is important for preventing the accumulation of toxic SSA, a major metabolite from GABA catabolism. Patients with inherited SSADH deficiency exhibit neuronal toxicity symptoms that are linked to psychomotor retardation [2, 3] . In bacteria, SSADH functions in the degradation pathways of GABA and p-hydroxyphenylacetic acid (4-HPA) [4] . The physiological role of SSADH in both human and bacteria is to convert a toxic metabolic intermediate, SSA, into succinic acid, a common intermediate in the TCA cycle that is useful for cellular metabolism. Bioinformatics analysis of SSADH sequences has shown that this enzyme is prevalent in a wide range of organisms, substantiating its important physiological role in cell detoxification [5] .
Based on cofactor specificity, SSADHs can be divided into two groups. SSADHs that preferentially use NADP + are classified as GabD orthologs, while the enzyme forms that preferentially use NAD + are YneI orthologs [6, 7] . GabD is encoded by the gabD gene, which is located in the gab cluster involved in GABA degradation [1, 8] . In contrast, the yneI (sad) gene is not associated with any specific operon and resides near yneJ (which encodes a putative transcriptional regulator) and yneH (which encodes a glutaminase-2) [7] . It is thought that yneI may take part in SSA detoxification because it is strongly induced when SSA is accumulated. Although yneI is not located close to any genes encoding enzymes in the 4-HPA degradation pathway, its enzyme activity has been proposed to involve SSA oxidation at the last step of the 4-HPA degradation pathway in Escherichia coli W [6, 9, 10] . Recently, our group has identified the first SSADH that is located in the 4-HPA degradation operon in Acinetobacter baumannii, an opportunistic pathogen [5] . This pathway is of interest for investigation as it can potentially convert lignin-derived or man-made aromatic compounds into valuable biobased chemicals such as succinic or pyruvic acid [5] .
Due to the importance of SSADH physiological functions, the enzymes from several species have been investigated. SSADHs have either one or two conserved cysteines in their active sites. It was proposed that a thiolate form of the conserved cysteine acts as a nucleophile to attack SSA to generate a thiohemiacetal intermediate before the hydride is transferred to NAD (P) + in the enzyme-substrate ternary complex. The thioester intermediate then undergoes deacylation mediated by the catalytic glutamate and an activated water molecule [11] . Enzymes with different numbers of cysteine residues are thought to use different mechanisms in the control of their activities [12] [13] [14] . In one-cysteine SSADHs, it has been suggested that cofactor-dependent oxidation protection controls overall activity. However, a redox-dependent switch was proposed for two-cysteine SSADHs. For a one-cysteine SSADH from the cyanobacterium Synechococcus, a covalent adduct that formed between the catalytic cysteine (Cys262) and the C4 atom of the nicotinamide ring of NADP + was observed in its structure. It is thought that for the one-cysteine system, the covalent adduct between the cysteine and NADP + is formed first, before the binding of SSA [14] . For human and E. coli GabD SSADHs, which possess two cysteines, one cysteine is thought to act as a catalytic residue and the other is assigned as a neighboring cysteine. It was proposed that alteration of disulfide bond formation between two cysteines and free cysteine thiols under oxidizing and reducing states controls enzyme activity [12, 13, 15] .
Despite the fact that multiple investigations into the regulatory mechanisms of two-cysteine SSADHs have been performed, several mechanistic issues remain unexplored. In particular, the precise role of the active site residues in catalysis has not been fully addressed. The rate-limiting step in the SSADH reaction also has not been investigated. Furthermore, the key properties of the microenvironment of SSADH active sites (or those of other ALDH Class 5 enzymes), which enhance the nucleophilicity of the catalytic cysteine, are still unknown [16] . Understanding the catalytic features that dictate the nucleophilicity of SSADH will not only contribute to knowledge on SSADH, but also serve a broader interest of augmenting our understanding of the reaction mechanisms of other enzymes in the ALDH Class 5 family. This understanding will likely facilitate development of therapeutics for diseases that are associated with ALDH enzyme abnormalities. Mutation of ALDH enzymes has been shown to cause several diseases, and the overexpression of ALDHs in normal and cancer stem cells suggests that these enzymes have the potential to be used as cancer markers [17] .
In this study, the catalytic reaction of two-cysteine SSADH from A. baumannii (AbSSADH) that is part of the 4-HPA degradation operon was investigated. Two independent methods were developed to selectively probe the ionization of the catalytic Cys289 based on its catalytic properties. As magnitude of burst kinetics represents the amount of NADPH formed during the first turnover and is directly dependent on the amount of nucleophilic cysteine thiolate, these data were used to calculate a pK a value of Cys289. pK a of Cys289 was also independently measured based on the ability of thiolate cysteine to form the NADP-cysteine adduct. Results from biochemical and biophysical characterizations of AbSSADH have shown that the enzyme preferentially uses NADP + as a substrate. This is the first report of the NADP + preference of an SSADH that does not participate in the GABA pathway in bacteria. Pre-steady-state kinetics using stopped-flow detection of NADPH absorbance revealed burst kinetics, implying that the hydride transfer to NADP + is faster than the steps that follow.
Results
Sequence analysis of AbSSADH reveals its high degree of sequence similarity to other enzymes in the two-cysteine GabD family
The sequence of AbSSADH containing 482 amino acids has the highest identity (62%) to SSADH encoded by the gabD gene that is part of the GABA degradation pathway in E. coli (GI: 147901; GabD). Sequence analysis of AbSSADH and its homologues using the ENZYME FUNCTION INITIATION (EFI) software has shown that these enzymes are prevalent in a wide range of organisms [5] . AbSSADH contains Cys289 and Cys291 as the two conserved active site cysteines ( Fig. 1) , equivalent to Cys289 and Cys291 in E. coli GabD. As the ssadh gene from A. baumannii is part of the 4-HPA degradation pathway in which SSADH converts SSA to succinic acid before entering the main metabolic TCA cycle [5, 18] , this is the first report to demonstrate the existence of a member of the SSADH GabD family outside the GABA degradation operon.
Overexpression and purification of AbSSADH
AbSSADH was overexpressed in E. coli BL21 (DE3) cells using an auto-induction system at 25°C for 16 h and purified according to the protocol described in 'Experimental procedures'. After passing through four steps of purification, the enzyme was purified 3.8-fold to obtain 20% protein yield with a specific activity of 120 unitsÁmg À1 . The enzyme purity as judged by 12% SDS/PAGE was > 95% (Fig. 1B) . The subunit molecular mass of AbSSADH was estimated to be~5 2 kDa, which is consistent with the predicted subunit molecular mass calculated from the amino acid sequence. The native form of AbSSADH as analyzed by gel filtration chromatography revealed a homotetramer (data not shown).
AbSSADH activity was found to decrease after the phenyl-sepharose purification step and two distinct peaks of SSADH activity were identified. These results were similar to those reported for SSADH from Aspergillus niger [19] . The enzyme in the first peak fraction showed higher SSADH activity than the one in the second peak. We also found that the SSADH activity could be restored if DTT was added after or included in the assay buffer. These results also indicate that a reduced cysteine is required for the enzyme activity. The enzyme was found to be more stable in phosphate buffer at basic pH values. However, the activity promptly decreased in Tris buffer. The Trisinhibition phenomenon was also found in other SSADHs such as the enzymes from E. coli and potato [4, 20] . This was previously proposed to be due to the reaction of the Tris amine with an aldehyde moiety of SSA to generate an imine Schiff base that prevents formation of the enzyme-SSA adduct that is required for SSADH catalysis [4, 20] .
Preference of a hydride acceptor for AbSSADH
Succinic semialdehyde dehydrogenases have been classified according to their cofactor preference. In E. coli there are two types of SSADHs. The first is GabD, which is an NADP + -dependent SSADH, and the second is YneI, which either has the same preference for NAD + and NADP + or prefers NAD + more than NADP + [4, 6] . We investigated the hydride acceptor preference of AbSSADH by assaying the enzyme activity using NADP + and NAD + as cosubstrates. The results showed that AbSSADH can use both NADP + and NAD + as electron acceptors but has a greater preference for NADP + . The specific activity of the enzyme with NADP + was found to be 10 times higher than that with NAD + (Fig. 1C) . These results also indicate that AbSSADH is more closely related to the E. coli GabD than its functional ortholog YneI, in agreement with the sequence similarity analysis (Fig. 1A) .
A previous investigation of the cofactor and substrate selectivity of Synechococcus SSADH has shown that the cofactor preference is determined by specific residues in the cofactor binding pocket of SSADH [21] . Therefore the residues that may be involved with cofactor selectivity in AbSSADH were identified based on the sequence alignment of GabDs and YneIs (Fig. 1E) . At the position that may be involved in NAD(P) + binding, Ser183 was found in AbSSADH, which is equivalent to Ser183 in GabD. In the YneI ortholog, proline is found instead of serine. An AbS-SADH homology model was built based on the ALDH X-ray structure (PDB: 3EK1), which has the highest sequence similarity to AbSSADH. The overlay of this AbSSADH structural model with E. coli GabD and Salmonella typhimurium YneI complexes with NADP + confirmed that the phosphate group of NADP + possibly binds around the Ser183 pocket area (Fig. 1D) .
Two-substrate steady-state kinetics of AbSSADH Two-substrate steady-state kinetics of AbSSADH was investigated at 25°C, pH 8.0 according to the protocol described in 'Experimental procedures'. Initial velocities of the reactions were calculated from the slopes of the plots of NADPH production vs time and the data are presented as direct and double-reciprocal plots ( Fig. 2A,B) . Substrate inhibition was observed in the AbSSADH reaction at SSA concentrations higher than 500 lM (data not shown). A plot of e/v (reciprocal of activity) vs 1/(SSA) at various NADP + concentrations showed a series of convergent lines, suggesting that the reaction proceeds via a mechanism that involves formation of a ternary complex. These data suggest that both SSA and NADP + must bind to the active site before the catalytic reaction can be initiated. This is similar to the rat brain SSADH [22] .
Analysis of steady-state kinetic parameters by double-reciprocal plots using Dalziel's equation and direct plots using the ENZFITTER BIOSOFT program yielded kinetic parameters as follows:
of SSA for AbSSADH was 18-and 4-fold higher than those of E. coli GabD (10.1 lM) and YneI (46.8 lM), respectively [23] . However, AbSSADH showed a distinguishingly high k cat value (137 AE 9 s
À1
). Product inhibition was also investigated using substrate concentrations of 0.6 mM for SSA and 0.75 mM for NADP + in assay reactions. Product inhibition by succinic acid (at concentrations of up to 100 mM) was not observed, while NADPH inhibition started to become apparent at 100 lM concentration. Overall, AbSSADH exhibits the highest catalytic turnover (k cat ) and lowest susceptibility to SSA (substrate) and succinic acid (product) inhibition among all of the SSADHs previously reported. These findings suggest that AbSSADH has many promising properties that can be used in biotechnology applications.
Detection of active cysteine residues and other free thiol groups in AbSSADH using Ellman's reagent
As the reaction mechanism of SSADH is proposed to involve an initial nucleophilic attack by an active site cysteine, we first investigated the status of free and active thiols in the active site of AbSSADH. AbS-SADH contains a total of five cysteine residues in one subunit (Cys175, Cys245, Cys289, Cys291 and Cys479) and the redox status of each residue is unknown. Based on sequence homology with E. coli GabD for which the structure is known (PDB: 3JZ4), residues Cys75 and Cys245 of AbSSADH were found to be located in the cofactor binding domain, Cys289 and Cys291 in the catalytic domain and Cys479 in the oligomerization domain [13] . In order to measure the number of accessible cysteines in AbSSADH, Ellman's reagent was used to measure the number of free thiol groups in AbSSADH. The results (Table 1) showed that Ellman's reagent detected three free thiols in AbS-SADH. The detection of only three thiols among five cysteines in AbSSADH may be due to inaccessibility of buried reactive thiols to the reagent [24] or suggests that two of the cysteines form a disulfide bond that cannot react with Ellman's reagent.
In order to identify the cysteine residues that give rise to the active free thiol signal upon reacting with Ellman's reagent, the two cysteines at the active site of AbSSADH were mutated to alanine to construct the Cys289Ala and Cys291Ala variants ( Table 1 ). The AbSSADH. Catalytic turnovers are plotted as a function of pH. The assay was performed in triplicate and values are represented as the mean AE SD. The pK a value of the group that has to be deprotonated in order to achieve the higher activity was found to be 7.5 AE 0.1. (Table 1 ). These data suggest that two out of three cysteines that can react with Ellman's reagent are located close to each other, i.e. they are the conserved cysteines (Cys289 and Cys291).
pH-rate profiles of AbSSADH
The pH-rate profiles of the AbSSADH enzyme were investigated to probe the protonation/deprotonation status of a key residue required for activity and controlling the rate-limiting step of the reaction. The pHactivity profile showed a trend towards increasing enzyme activity with an increase of reaction pH (Fig. 2C) . These results imply that deprotonation of the ligand or an active site residue is required for the SSADH reaction. The pK a value of the group that must be deprotonated in order to achieve the higher activity was found to be 7.5 AE 0.1 (Fig. 2C ).
Burst kinetics of the AbSSADH reaction: evidence for rapid formation of NADPH Single mixing stopped-flow experiments were used to investigate whether formation of NADPH during the first turnover is faster than the rest of the reactions during the steady-state period. According to the mechanism proposed, a hydride transfer from the thiohemiacetal to NADP + is supposed to occur before the thioester intermediate is hydrolyzed to generate the free enzyme. If the hydride transfer to generate NADPH is faster than the following steps of deacylation and product release, burst kinetics for NADPH formation should be observed. The stopped-flow experiment (see 'Experimental procedures') that measured NADPH generation by monitoring absorbance at 340 nm at 4°C showed burst kinetics for NADPH production around 0.01 s before enzyme turnovers in the steady-state period began (Fig. 3A) . The burst magnitude and steady-state rate under these conditions were dependent on the concentrations of AbSSADH. The amount of NADPH produced during the burst phase of the enzyme was calculated (using Eqn (4), 'Experimental procedures') to be 1.0 AE 0.02, 1.6 AE 0.14 and 3.2 AE 0.2 lM when the amount of AbSSADH utilized was 2, 4 and 8 lM, respectively (Fig. 3A) . The steady-state rate of NADPH production (using Eqn (4)) also increased as the AbSSADH amount was increased. We noted that the NADPH produced during the burst phase was lower than the total enzyme concentration used. This might be because the enzyme was not fully ionized to be the active thiolate form at this pH (see following sections) or not all the enzyme was present as the readyto-burst ternary complex. The active form of enzyme is thus less than the total enzyme concentration. However, the NADPH produced during the burst phase under this condition was directly proportional to the enzyme used in the reaction (Fig. 3B) . The detection of burst signals during the first catalytic cycle of AbSSADH indicates that all reactions up to the generation of NADPH can occur rapidly at the first turnover and these steps are not the rate-limiting step. The rate-limiting step lies after the hydride transfer to NADP + and occurs either at deacylation or at product release. This is the first detection of a burst phase of NADPH formation among all SSADHs and ALDH Class 5 enzymes.
Use of burst kinetics at various pH values as a means to measure pK a of catalytic cysteine
The active site cysteine should be in the thiolate form in order to initiate formation of the thio-hemiacetal intermediate (Fig. 4) . The attempt to measure a pK a value of the catalytic cysteine directly using Ellman's reagent was not successful because of large interference from other cysteines. Because AbSSADH possesses two adjacent cysteines in the active site, Cys289 and Cys291, we first identified which residue is necessary for activity and responsible for burst phase formation using site-directed mutagenesis studies. The results showed that with Cys289Ala activity was lost while the Cys291Ala variant retained the activity to about 65% of the wild-type enzyme (data not shown). The Cys291Ala variant also showed similar burst kinetics to the wild-type enzyme (Fig. 3A, inset) . Altogether, these results clearly indicate that Cys289 is the catalytic cysteine and is the residue responsible for NADPH production during burst kinetics.
As the SSADH reaction was proposed to be involved with the catalytic cysteine nucleophilic attack to the SSA substrate before hydride is transferred to NADP + , we hypothesized that the NADPH production at the first catalytic cycle (shown in Fig. 3A) might potentially be used to assess the thiolate cysteine amount that is directly responsible for NADPH production. The magnitude of the burst phase represents the amount of NADPH produced during the first turnover and it is directly dependent on the thiolate form of the catalytic Cys289 that can promptly react with SSA. The amount of NADPH produced during the first turnover thus represents the amount of thiolate Cys289 present. Therefore, pH effects on the burst magnitude of the enzyme reaction were investigated to study the ionization state of the catalytic residue, Cys289.
When the pH of the reaction was increased from 6.0 to 9.5, the amount of NADPH formed during the burst period increased. This is likely due to greater ionization of Cys289 to the thiolate form that can subsequently generate more of the thiohemiacetal adduct that leads to greater formation of NADPH during the burst phase. Therefore, the amplitude of the burst phase directly correlates with the formation of the Cys289 thiolate and these data can be used to calculate the pK a values of catalytic Cys289 in the AbSSADH enzymes (Fig. 5) . Note that at pH values > 9.0, the reaction could not be analyzed because AbSSADH was denatured. A plot of the magnitude of the burst phase of the wild-type enzyme as a function of pH showed a pK a value of 7.4 AE 0.2.
Use of an NADP-cysteine adduct formation at various pH values as an independent method to measure the pK a of the catalytic Cys289
To independently measure the pK a of Cys289, we used the ability of the catalytic Cys289 to form an NADPcysteine adduct to probe the residue ionization state. Previously, NADP-cysteine adduct formation was found in the X-ray structure of cyanobacterial SSADH [14] . The physiological role of the adduct was believed to be as a protection mechanism from cellular oxidants [14] . In the absence of SSA substrate, formation of the adduct with NAD(P) + can protect the reactive thiol group from non-specifically reacting with other compounds. This NADP-cysteine adduct formation is fully reversible. In the presence of SSA, the reactive cysteine residue favors proceeding via a productive path to react with SSA. We have obtained evidence showing that the NADP-cysteine adduct obtained from incubating SSADH enzyme and NADP + will normally proceed in a regular productive reaction when SSA is added to the reaction (data not shown).
In order to quantify the amount of NADP-cysteine adduct formed, experiments were set up to measure spectroscopic signals of the adduct. Solutions containing AbSSADH (200 lM) and NADP + (200 lM) were mixed and their spectra were compared with those of free AbSSADH or NADP + in 50 mM sodium phosphate buffer pH 8 containing 1 mM DTT. Formation of the adduct could be detected by an increase of absorption at~330 nm in the solution of enzyme and NADP + mixture and it was not found in free solutions of AbSSADH or NADP + (Fig. 6A ). This species was confirmed to be the Cys-NADP adduct because the absorption at~330 nm could not be detected after mixing of Cys289Ala and NADP + (Fig. 6A, inset ), but could be detected after mixing of Cys291Ala and NADP + (data not shown). To further investigate if the species with absorption 330 nm is a protein-NADP adduct, the mixture of 200 lM AbSSADH and 200 lM NADP + was isolated using a G25 gel filtration column. The results showed that the protein fraction coeluted with species with absorption~330 nm, indicating the species with absorption~330 nm is a complex between protein and NADP + (Fig. 6B) . Altogether, these data indicate that we can use absorption at~330 nm to represent the amount of NADPcysteine adduct formed. Because formation of the adduct is enhanced when Cys289 is in the thiolate form, the adduct formation thus was used to probe the ionization state of Cys289.
Formation of NADP-cysteine adduct in AbSSADH was investigated at various pH values and the results showed that more absorption occurred at higher pH values. After incubation of 200 lM NADP + and 200 lM AbSSADH at 25°C, the absorbance at 330 nm increased with time and reached saturation at around 30 min. Therefore, the absorption change after 30 min incubation at various pH values from pH 6 to 8.5 was used to probe the Cys289 ionization from thiol to thiolate form. The absorption increase was plotted as a function of pH to calculate the Cys289 pK a as 7.9 AE 0.2 (data not shown). This pK a value is comparable to values obtained from burst kinetics measurement at various pH values in the previous section. 5 . pH dependence of the NADPH production during the burst phase. Pre-steady-state kinetics of NADPH production was monitored by absorbance increase at 340 nm using a stopped-flow spectrophotometer at 4°C. A solution of 200 lM SSA and 300 lM NADP + was mixed against 10 lM AbSSADHs. All concentrations are given as final concentrations. The reactions were performed in triplicate and are represented as the mean AE SD. The pK a value was calculated to be 7.4 AE 0.2.
Reaction mechanism of AbSSADH
The proposed catalytic reaction of AbSSADH is shown in Fig. 4 . After substrate binding in Step 1, the thiolate form of Cys289 first reacts with SSA to generate a thiohemiacetal intermediate (Step 2). A hydride equivalent is then transferred to NADP + to yield a thioester intermediate (Step 3) . It is at this step that the absorbance signal at 340 nm is generated because the pyridinium ring has acquired a hydride equivalent. The intermediate is expected to be hydrolyzed to generate the free enzyme and succinate. As a burst phase of absorbance at 340 nm could be detected, it indicated that the steps from substrate binding up to the hydride transfer to form NADPH (Steps 1-3) are faster than the following steps of thioester intermediate hydrolysis and product liberation (Steps 4-5). Therefore, the rate-limiting step of the overall reaction of AbSSADH is at Steps 4-5 of Fig. 4 . Formation of Cys289 thiolate is necessary for the activity of AbSSADH. Based on two independent methods of pK a measurement, the pK a of Cys289 is 7.4-7.9.
Discussion
This report is the first to measure a pK a value of the catalytic cysteine in AbSSADH using transient kinetics, spectroscopic and pH-dependent studies. The methodology established based on burst kinetics and formation of NADP-cysteine adduct should be useful for studying the protonation state of the active site cysteine in other ALDH enzymes in general. Investigation of the catalytic properties of AbSSADH also reveals that the enzyme has the highest catalytic turnover (k cat ) and lowest susceptibility to SSA substrate inhibition among all SSADHs known to date. AbS-SADH is unique among all SSADHs in that the enzyme is located outside the GABA pathway and it preferentially uses NADP + as a substrate. Stoppedflow experiments detected burst kinetics at the first turnover of AbSSADH, indicating that the hydride transfer to NADP + is faster than the following steps. The electron acceptor preference determination and sequence alignment analysis performed in this report have clearly shown that AbSSADH is closely related to the GabD from the gab operon in E. coli. In bacteria, typically in E. coli and S. typhimurium, two SSADHs are present in the genome sequences [6, 7] . The first SSADH, encoded by the gabD gene, belongs to the gab operon [26] ; the second is a product of the yneI gene that resides among the yneJ, yneH and yneG genes that encode a transcriptional regulator, glutaminase-2 and a putative protein with unknown function, respectively [27] . Our results (Fig. 1) indicate that AbS-SADH from the 4-HPA degradation pathway has a protein sequence and substrate (NADP + ) preference similar to E. coli GabD rather than YneI.
Our results (Fig. 1C) indicate that the enzyme preferentially uses NADP + as an electron acceptor over NAD + (10-fold higher in activity). YneI from E. coli, Bacillus subtilis and S. typhimurium preferentially uses NAD + over NADP + [6, 7, 9, 15] . The E. coli GabD can use both NADP + and NAD + as substrates, but exhibits much higher activity with NADP + (20-fold higher) than with NAD + [28] . Analysis of the cofactor and substrate selectivity in Synechococcus SSADH has suggested that residues at critical positions in the cofactor binding site are crucial for cofactor selectivity [21] . Based on the sequence alignment and the homology model (Fig. 1D,E) , AbSSADH contains Ser183 at the critical position of cofactor recognition, supporting the previously proposed explanation of the conserved Ser steering preference towards NADP + utilization. Kinetic analysis of AbSSADH revealed that the enzyme has a very high catalytic rate constant (k cat = 137 AE 9 s À1 ), which is the highest among all SSADHs reported to date ( Table 2 ). The k cat values of most SSADHs are in the range of 5-10 s À1 [1, 14, 29, 30] except for the YneI ortholog from S. typhimurium, which has a relatively high turnover number of 55 s À1 when used with NAD + as a hydride acceptor [7] . The k cat value of AbSSADH is 12-fold higher than that of SSADH from Saccharomyces cerevisiae at pH 8.4 (11 s À1 ) [31] . AbSSADH also displayed less SSA substrate inhibition compared with other SSADHs (Table 2) . SSA concentrations had to be > 500 lM to inhibit AbSSADH activity, while potent SSA inhibition has been previously reported for SSADHs from various organisms including bacteria and fungi with inhibition observed at SSA concentrations > 20 lM for SSADH from Streptococcus pyogenes and SSA > 100 lM for SSADH from S. typhimurium [1, 7, 15, 19, 22, 32] . The crystal structure of a ternary complex of enzyme, substrate SSA and inhibitory SSA showed that the NADP + binding site can be bound by excess SSA, thus preventing the binding of NADP + [32] . Based on this information, we propose that the NADP + binding site in AbSSADH has less preference for SSA binding compared with the NADP + binding site found in other enzymes. High tolerance for succinic acid inhibition may suggest that in AbSSADH, after succinic acid is formed, it can be rapidly and spontaneously released, causing no product inhibition [33] .
AbSSADH from the 4-HPA degradation pathway is a two-cysteine SSADH (Cys289, Cys291) in which both active site cysteines are in the free thiol state in the active enzyme ( Table 1) . The ability of H 2 O 2 to oxidize these two cysteines possibly to give a disulfide linkage that is no longer reactive with Ellman's reagent (Table 1) implies that the free thiol groups of Cys289 and Cys291 in the active sites are close to each other and accessible to bulk solvent. The disulfide formation between the two cysteines has previously been found to cause inhibition in human GabD, which contains Cys340 and Cys342 that are equivalent to Cys289 and Cys291 in AbSSADH [12, 13, 15] . This redox-dependent regulation was proposed to be a way to regulate the physiological function of SSADH by sensing the change of environmental status [12] . As the maximum activity of AbSSADH was obtained when the enzyme was pretreated with DTT, we propose that the AbS-SADH activity can be regulated by cellular redox status.
The detection of burst kinetics of NADPH production by pre-steady-state analysis indicates that the rate-limiting step of the AbSSADH reaction occurs after the hydride transfer step (Fig. 3) , indicating that the rate-limiting step of the AbSSADH reaction may be associated with the deacylation and product release steps. This is the first detection of burst kinetics in the Class 5 ALDH family. Previously, burst kinetics was detected in the Class 1 and Class 2 ALDH enzymes such as human liver and sheep liver cytosol ALDHs and non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase from Streptococcus mutans [11, [34] [35] [36] [37] . The pH-rate profile of AbSSADH k cat showed a pK a value of 7.5 ( Fig. 2C) , suggesting that the overall ratelimiting step is associated with an ionizable group with a pK a of 7.5 that should be attributed to the group in the enzyme-substrate complex that controls the ratedetermining step of the AbSSADH reaction. As the rate-limiting step is after the burst of NADPH production (hydride transfer) that requires participation of Cys289, the group with pK a of 7.5 that controls the step after NADPH formation should not belong to Cys289. Another ionizable group in the active site that may possibly be the one to which the pK a 7.5 is attributable is Glu255. The previous studies of glyceraldehyde-3-phosphate dehydrogenase from S. mutans suggest that Glu268 in this enzyme plays a crucial role in the rate-limiting deacylation step in the reaction [11, 23] . We speculate the group with pK a of 7.5 in AbSSADH may belong to Glu255, which controls the deacylation step in AbSSADH.
The methodology established in this report directly probes the protonation state of Cys289. The techniques using amount of NADPH generated during the burst phase and formation of an NADP-cysteine adduct should be useful for investigating the cysteine protonation state of other enzymes in the ALDH superfamily in general. This method avoids interference from other cysteines in the protein. Other methods to probe cysteine ionization status such as the use of Ellman's reagent are not selective for the catalytic cysteine. The pK a value of catalytic Cys289 in AbS-SADH (7.4 AE 0.2 from burst phase and 7.9 AE 0.2 from the NADP adduct formation) is~0.6-1 unit lower than the pK a value of free Cys of 8.5 [38] . This may be a means by which the AbSSADH active site environment enhances nucleophilicity of Cys289, because the thiolate form is a more active nucleophile than the thiol form. Several factors have been reported to be important for increasing catalytic cysteine reactivity in related ALDHs [24, 39] . For this case, the nearby polar residues in the active site including Glu255 and Cys291 may facilitate the deprotonation of the catalytic cysteine thiol group by directly abstracting a proton or by stabilizing the thiolate cysteine formation.
In conclusion, we have established, for the first time, the methodology to measure the catalytic cysteine pK a in two-cysteine SSADH using transient kinetics, spectroscopic and pH-dependent studies. This methodology should be useful for studying the protonation state of active site cysteine in other ALDH enzymes in general because the method is selective for measuring active site cysteine without interference from a neighboring cysteine. The enzyme studies have also shown that AbSSADH is a promising enzyme for biotechnology applications because it has the highest catalytic turnover (k cat ) and lowest susceptibility to SSA substrate inhibition among all SSADHs known to date. AbS-SADH is unique among all SSADHs in that the enzyme is located outside the GABA pathway and it preferentially uses NADP + as a substrate.
Experimental procedures

Reagents
All laboratory reagents used were analytical grade and mostly purchased from Sigma-Aldrich (St Louis, MO, USA) and Merck-Millipore (Darmstadt, Germany 
Construction of the pET15b-ssadh recombinant plasmid
The Abssadh gene was subcloned into the pET15b expression plasmid. Primers were designed for amplification of the ssadh gene with incorporation of a NcoI site, CAC GCC ATG GAA TTA AAA GAT ACA TCA TTA TTA AAA CAA C, and a BamHI site: CGG GAT CCT TAA ATT CCC ATA CAC ATA TAT TTG AGT TC. A nucleotide after the start codon was changed from C to G in the forward primer for generating the NcoI cut side (underlined) without changing the amino acid sequence. The pBluescript plasmid-containing the 4-HPA-degradation operon of A. baumannii [5, 40] was used as a template for polymerase chain reaction (PCR) amplification. The PCR reaction consisted of the ssadh template, 400 nM of each primer, 0.2 mM dNTPs and 2.5 units of Pfu polymerase in 50 lL reactions. The PCR reaction was hot-started at 95°C for 3 min and followed by 30 PCR cycles of 95°C for 30 s, 50°C for 30 min and 72°C for 3 min. The reaction at the last cycle was extended at 72°C for 5 min. The 1.5 kb PCR product obtained was ligated into an expression vector, pET15b, at the NcoI and BamHI restriction sites. The sequence of the pET15b-ssadh recombinant plasmid was analyzed by Macrogen. 
Construction of AbSSADH variants
Two mutated Abssadh genes for overexpression of the variants Cys289Ala and Cys291Ala were constructed by sitedirected mutagenesis. The wild-type Abssadh-containing pET15b plasmid was used as a template for PCR amplification. The PCR reaction consisted of the Abssadh template, 400 lM of each primer, 400 lM dNTPs and 2.5 units of Pfu polymerase in 50 lL reactions. The PCR reaction was hotstarted with 95°C for 5 min and followed by 16 cycles of 95°C for 45 s, 53°C for 1 min and 72°C for 14 min. The last reaction cycle was maintained at 72°C for 18 min. The PCR product was treated with DpnI endonuclease at 37°C overnight before it was transformed into E. coli XL1 (blue) competent cells. The sequence of the mutated Abssadh plasmid was analyzed by Macrogen.
Expression and purification of AbSSADH
The genes of pET15b-Abssadh wild-type and variants were transformed into E. coli BL21 (DE3). A colony of E. coli harboring pET15b-ssadh was inoculated into 100 mL of ZYM-5052 starter autoinduction medium supplemented with 50 lgÁmL À1 ampicillin and grown at 37°C, 250 r.p.m. ampicillin. Cells were grown at 37°C until their D 600 reached~1.0 and the culture temperature was then changed to 25°C and protein expression was allowed to proceed for another 16 h. Cells were harvested by centrifugation at 7725 g (Beckman Coulter Avanti J-E Centrifuge, Brea, CA, USA) at 4°C for 8 min. Cells were stored at 80°C until used. All buffers in purifying process contained 1 mM DTT. Frozen cell paste was thawed and resuspended in 50 mM sodium phosphate buffer pH 7.0 containing 1 mM DTT, 0.3 mM EDTA and 60 lM PMSF. Cells were disrupted by sonication and were then separated by centrifugation at 17 387 g (Beckman Coulter Avanti J-E Centrifuge), 4°C for 45 min. The supernatant, defined as a crude extract was precipitated by adding 0.5% polyethyleneimine. The precipitated nucleic acid was removed by centrifugation at 17 387 g (Beckman Coulter Avanti J-E Centrifuge), 4°C for 45 min. The supernatant part was precipitated by adding ammonium sulfate to 40% saturation and the protein pellet was separated by centrifugation at 17 387 g (Beckman Coulter Avanti J-E Centrifuge), 4°C for 45 min. The pellet (0-40% ammonium sulfate) was resuspended in dialysis buffer (10 mM sodium phosphate buffer pH 7.8) and the resulting protein solution was dialyzed against 4 L of dialysis buffer at 4°C overnight. The dialyzed protein was loaded onto a DEAE-Sepharose anion exchange column that was preequilibrated with 10 mM sodium phosphate buffer pH 7.8. The column was then washed with 1 L of 10 mM sodium phosphate buffer pH 7.8 containing 50 mM sodium chloride and eluted with 2 L of a linear gradient of 10 mM sodium phosphate buffer pH 7.8 containing 50-400 mM sodium chloride. Fractions containing AbS-SADH were pooled and concentrated by ultrafiltration with an Ultracel Ò ultrafiltration membrane 10 kDa cut off (Merck-Millipore). All protein was precipitated by 80% ammonium sulfate before being loaded onto a phenylsepharose column that was pre-equilibrated with sodium phosphate buffer pH 7.8 containing 20% (w/v) ammonium sulfate. The column was then washed with 500 mL of 50 mM sodium phosphate buffer pH 7.8 containing 8% (w/v) ammonium sulfate and eluted with 1 L of a linear gradient of 8-0% (w/v) ammonium sulfate in 50 mM sodium phosphate buffer pH 7.8. Two fractions containing AbSSADH were exchanged into 50 mM sodium phosphate buffer pH 7.8 containing 1 mM DTT, 0.5 mM EDTA and 10% glycerol before being kept at À80°C until used.
The apparent molecular mass of the native recombinant enzyme was determined using gel filtration chromatography on a Superdex S-200 10/300 column run on an AKTA FPLC system (GE Healthcare). The protein molecular mass standards used were ferritin (440 kDa), amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA (65.4 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa). Blue dextran was used to determine the void volume, and FAD was used for determination of the late retention volume. All samples were eluted with 50 mM sodium phosphate pH 7.0 containing 150 mM NaCl at 25°C with a flow rate of 0.5 mLÁmin À1 and the absorbance was monitored at 280 nm.
Enzyme activity assay
Activity of AbSSADH was measured based by the production of NAD(P)H monitored by absorbance at 340 nm. Assay reactions typically consisted of 20 nM SSADH, 0.60 mM SSA and 0.75 mM NAD(P) + in 50 mM sodium phosphate buffer pH 8.0 with 1 mM DTT. The enzyme reaction was initiated by adding AbSSADH into the reaction mixture and NAD(P)H production was measured by spectrophotometry. The initial velocity of the SSADH reaction was calculated from the initial slopes of the assay. The specific activity (unitsÁmg À1 protein) was then calculated. 
Effect of pH on AbSSADH activity
The effect of pH on AbSSADH activity was investigated by measuring the enzyme activity at various pH values using methods described previously [42, 43] . A 10 mM sodium phosphate buffer was used for maintaining the pH between 6 and 8.5, while a pH between 8.5 and 10.5 was maintained with 10 mM sodium pyrophosphate. The ionic strength of both buffers was kept constant at 0.1 M. The specific activity was plotted as a function of pH. The pK a value for the enzyme was analyzed according to:
where Y is the apparent maximum velocity, C is the pH independent value of V max , and K a is the dissociation constant of the ionizable group.
Steady-state kinetics of AbSSADH
The steady-state kinetics of AbSSADH were investigated by varying the concentrations of the two substrates. Initial velocities of the SSADH reaction with various concentrations of SSA (20, 40, 
Steady-state kinetic parameters were analyzed using the ENZFITTER program (Biosoft, Cambridge, UK) according to:
Pre-steady-state kinetics of AbSSADH
The burst kinetics of NADP + reduction in the SSADH reaction was investigated by monitoring the absorbance at 340 nm using a single-mixing stopped-flow spectrophotometer at 4°C. To slow down the reaction to obtain the clear burst phase, the enzyme reaction was performed at 4°C. The reaction was conducted in 50 mM sodium phosphate buffer pH 8.0 containing 1 mM DTT. A solution of SSA and NADP + was mixed with a solution of SSADH to a final concentration of 200 lM SSA, 300 lM NADP + and 2-20 lM of wild-type enzyme in the stopped-flow spectrophotometer apparatus. NADPH production was followed by monitoring the increase in absorbance at 340 nm. All concentrations are reported as final concentrations. The amplitude of the burst phase representing NADPH production was calculated by extrapolation of the steady-state rate to time zero-using:
where A is the observed absorbance at 340 nm at time t, A 0 is the absorbance change during the burst phase due to NADPH generation, v SS is the steady-state turnover rate under these conditions and C compensates for the non-zero baseline. The NADPH concentration during the first turnover can be directly calculated from the value of the burst, A 0 /e 340 , where e 340 is the absorption coefficient of NADPH at 340 nm (6.22 mM À1 Ácm À1 ). The pH effects on the burst kinetics were investigated by measuring the magnitude of the burst phase in buffers of different pH with 0.1 M buffer ionic strength using 10 mM sodium phosphate buffer for pH maintenance from 6.0 to 8.5 and 10 mM sodium pyrophosphate for pH maintenance from 8.5 to 10.5. The final pH values were used for plotting the pH dependence profiles.
